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ABSTRACT

High-Alpine regions are prone to a large variety of geohazards, among which
earthquakes have the strongest impact on landscape and local population.
Historic records indicate a moderate to high seismic activity in the northern,
south-western and central parts of Switzerland. In contrast, south-eastern
Switzerland has less historic earthquake chronicles due to the low popula-
tion density, resulting in a poorly constrained seismic event catalogue. The
aim of this study is to evaluate the palaeoseismic activity for south-eastern
Switzerland by using the sedimentary record of Lake Silvaplana in the Enga-
dine Valley. A dense grid of high-resolution two-dimensional seismic pro-
files, high-resolution bathymetry and a 10 m long sediment core from the
deepest basin were used to investigate the stratigraphy of the lake sediments.
The bathymetry reveals a flat basin, flanked by steep slopes to the north-west
and south-east. The acoustic basement consists of four ridges, and gently-
dipping fans to the south-west and north-east. Expressions of slope failure
can be identified in all domains of the lake floor and the subsurface data.
Multiple coevally-triggered chaotic mass-flow deposits, overlain by megatur-
bidites with a coarse-sand base, have been detected along ten horizons in
the seismic data. The four most recent of these deposits are cored and radio-
carbon dated to approximately 230, 310, 960 and 1330 cal yr Bp, indicating
four over-regional seismic events that triggered large slope failures in Lake
Silvaplana in the last 1400 years. Correlation with sediments of Lake Sils,
Lake Como, Lake Iseo and Lake Ledro indicate within radiocarbon uncer-
tainties a large earthquake around 1330 cal yr Bp. Within their age ranges,
the postulated earthquake at 310 cal yr Bp (1640 cE) further correlates with a
moment magnitude Mw ca 5.4 event in Ftan in 1622 cg, and the 960 cal yr
BP (990 cE) earthquake correlates with a Mw ca 5.2 earthquake in Brescia in
1065 ce. Six mass-movement deposits, also suggested to be caused by earth-
quakes, were not reached by the sediment core and have suggested ages
between 7800 and 11 300 cal yr Bp. Thus, Lake Silvaplana sediments provide
the first reliable record of seismic activity for the mid and Late Holocene in
this region, likely related to the neotectonic activity of the Engadine Line, a
major fault zone running along the main valley.
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INTRODUCTION

Lakes form sensitive and temporally often con-
tinuous, high-resolution sedimentary archives
that record climatic, environmental, tectonic
and anthropogenic changes (Gobet et al., 2003;
Gilli et al., 2013; Strasser et al., 2013; van der
Bilt et al., 2017). They thus potentially offer
archives that can help reconstruct prehistoric
natural hazards. Landslides, debris flows, glacier
outbursts, storm-triggered floods and snow ava-
lanches are among the best documented natural
hazards in the Alps (Huggel et al., 2004; Huss
et al., 2007; Badoux et al., 2016). Earthquakes
are however an underestimated hazard for lake-
shore communities in the Alps, and more
palaeoseismic studies are required (Chapron
et al., 2016; Kremer et al., 2017, 2020a).

These natural hazards might pose severe risks
to infrastructure, dense population centres and
tourist destinations. Uncertainties about the
intensity and recurrence rates of different types
of geohazards complicate decisions for policy
makers, potentially resulting in immense eco-
nomic loss, and, in worst case, loss of lives
(L’Heureux et al., 2011; Botzen et al., 2019). The
Engadine Valley is a typical inner-Alpine valley,
with several hydro-power dams, main traffic
roads connecting Switzerland and Italy, and
population centres with in total ca 25 000
inhabitants hosting ca 2 million tourists per year
(www.engadin.ch/en), and thus has a high vul-
nerability to natural hazards (Fig. 1).

Because the limited time span of historical
documents does not provide a complete picture
of past catastrophic events, the geological
archives need to be exploited to reconstruct
these events. Previous studies have shown that
the most common trigger mechanisms for sub-
lacustrine sediment failures in Alpine lakes are
earthquakes, but some of these slope instabilities
(i.e. delta failures) may occur spontaneously
(Schnellmann et al.,, 2005; Girardclos et al.,
2007; Wirth et al., 2013). Moreover, and adding
to the impact of natural hazards, these events
are often followed by metre-high tsunami waves
originating from the displaced downgoing sedi-
ment volumes (Kremer et al., 2014, 2021; Hilbe
& Anselmetti, 2015; Nigg et al., 2021). Multiple
coevally-triggered mass movements have been

used in different subaquatic environments to
reconstruct palaeoseismic event catalogues
(Moernaut et al., 2007; Strasser & Anselmetti,
2008; Strasser et al., 2013; Bellwald et al.,
2016a; Praet et al., 2017). Based on this
approach, Kremer et al. (2017) compiled a
palaeoearthquake catalogue of Switzerland. The
Swiss catalogue shows episodes of increased
seismic activity at 450, 1600, 2200, 3300, 3900,
6500 and 9700 cal yr Bp (Before Present) in cen-
tral, northern and western Switzerland, with
uncertainties of up to 250 years attributed to the
earthquake-triggered deposits.

This study conducted a detailed analysis of
the sediment fill of Lake Silvaplana to study the
Holocene earthquake history of the Engadine
Valley with implications on the seismic activity
and geohazards of south-eastern Switzerland.
Eventually, the study allows expanding the
earthquake catalogue of the eastern Swiss Alps
and the neighbouring northern Italian area, pro-
viding novel insights for the regional seismic
and hazard assessment, which is vital to miti-
gate future disasters.

STUDY SITE

Geological setting

The Upper Engadine Valley, located in south-
eastern Switzerland (Fig. 1), is characterized by a
complex geology hosting the Austroalpine and
Penninic Alpine nappes (Figs 1 and 2). The Aus-
troalpine domain consists of the Margna and Sella
nappes in the south, and the Bernina and Err
nappes in the north (Fig. 2B; Spillmann &
Biichi, 1993). Austroalpine rock types include
mostly gabbros, amphibolites, gneisses, green
schists and carbonates (Spillmann & Biichi,
1993). The Penninic domain is built up in the area
by the Platta nappe, which consists of an ophioli-
tic sequence originating from the south Penninic
realm (Dietrich, 1970).

The Upper Engadine includes four lakes (Sils,
Silvaplana, Champfér and St. Moritz) sur-
rounded by high-Alpine relief with one peak
>4000 m above sea level (a.s.l.; Fig. 2A). The
valley follows a major geological fault system,
the Engadine Line, which is separating the
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118 B. Bellwald et al.

Fig. 1. Seismicity in the study area, located in south-eastern Switzerland, close to the border to Italy and Austria.
Shown are all earthquakes with a moment magnitude Mw >6, all earthquakes with a Mw >5 in a radius of 100 km
of the study area, and all earthquakes with a Mw >4 in a radius of 50 km of the study area (ECOS-09, 2011;
http://map.seismo.ethz.ch/). Indicated as red stippled lines are the two major tectonic lines of the region, the
Engadine Line (EL) and the Insubric Line (IL). Other locations mentioned in the text are Be: Bergamo, Bo: Bormio,
Br: Brescia, Ca: Chiesa, Cw: Churwalden, Co: Como, Ft: Ftan, Ka: Kas, LC: Lake Como, LI: Lake Iseo, LL: Lake
Ledro, LO: Lake Oeschinen, Lu: Lake Lungern, MA: Middle Adige Valley, Pr: Prittigau, and Ve: Verona.

Austroalpine nappes from the Penninic nappes
(Fig. 2B). The Engadine Line and the structures
of the individual nappes predetermined the
drainage system in the Upper Engadine by pro-
viding weak, easily erodible zones. The origin
of the chain of relatively large glacially-
overdeepened lakes in the Engadine Valley is
thus both of tectonic and glacial origin, as

glaciers tend to follow pre-defined structural
weak zones (Schmid & Froitzheim, 1993; Tibaldi
& Pasquare, 2008).

Climate and hydrology

The Engadine Valley is classified as a typical inner-
Alpine dry valley (Gensler & Schiiepp, 1991). The

Fig. 2. Study area with geological and tectonic information. (A) Catchment of Lake Silvaplana. Hillshade map
(SwissAlti3D) modified from Federal Office of Topography swisstopo. x: Location of dated trees located in shallow
water depths of Lake Silvaplana and Lake Sils (Schliichter et al., 2018). ID: Isola Delta. (B) Geological profile
crossing the Engadine Valley (modified after Peters, 2005). Emphasis on the different nappes and the Engadine
Line. Profile location is shown in (A).
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120 B. Bellwald et al.

Fig. 3. Bathymetry of Lake Silvaplana. (A) Bathymetry with hillshade relief. White arrow indicates slide scar in
deepest basin. (B) Bathymetry with vegetation and blended hillshade relief. Acquired reflection seismic profiles
(black lines), seismic profiles shown in this work (black arrows), and long sediment core of this study (SVA12,
red dot), as well as cores from previous studies (golden dot for palaeoflood studies, and white dots for piston
cores of Leemann & Niessen, 1994) are shown. Topography after Federal Office of Topography swisstopo.

g: Gilbert-type delta, br: bedrock ridge, s: slide scar.

annual precipitation at the meteorological station
of Sils-Maria (Fig. 2A, 1798 m a.s.l.) is 978 mm
with a mean annual temperature of 1.6°C, including
seasonal variations between 10.0°C and —7.3°C.
Current tree-line, defined by the elevation support-
ing trees higher than 5 m, lies at 2410 m a.s.lL
(Gobet et al., 2003).

Catchment characteristics

Lake Silvaplana is located in the Upper Enga-
dine Valley at an altitude of 1791 m a.s.l., and
has an elongated shape with steep lateral slopes
(Figs 2A and 3). The lake has a maximum water
depth of 77 m, covers 2.7 km?, comprises a
water volume of 127 x 10° m® and has a water
residence time of 0.86 years (LIMNEX, 1994).
Maximum seasonal lake-level fluctuations are ca
1.9 m (LIMNEX, 1994). The lake freezes over for
several months in winter, usually from Decem-
ber/January to April (hydrodaten.admin.ch,
null). Rivers are the main sediment contributor
to the lake system and drain a partly glacier-
covered catchment of 129 km?* (5% glaciated in

1998; LIMNEX, 2004). The River Inn is the
major river connecting all four larger Engadine
lakes. Although River Inn has the highest dis-
charge rate into Lake Silvaplana (2.0 m®s™',
LIMNEX, 2011), it does not carry much sus-
pended sediment, since suspended particles are
mostly deposited in upstream Lake Sils. In
terms of sediment load, the most important
inflow to Lake Silvaplana is the Fedacla River,
characterized by a mean discharge rate of
1.5 m® s~ ' and fed by glacier meltwater from the
Tremoggia and Fex glaciers. The River Vallun
(0.7 m® s7') and River Sagl (0.3 m® s™') are fur-
ther important inflows (LIMNEX, 1994). Histori-
cal lacustrine records show that intensive snow
melt as well as intense and long-lasting precipi-
tation events with high mass-accumulation rates
repeatedly occurred in the Upper Engadine
(Ohlendorf et al., 1997; Blass et al., 2005, 2007a,
b; Caviezel, 2007; Trachsel et al., 2008). Flood
records of previous studies in Lake Silvaplana
are limited to 3000 to 1500 cal yr Bp (Stewart
et al., 2011a) and the last 850 years (Trachsel
et al., 2010).
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Lake-infill history

The glaciers in the study area were most exten-
sive between 30 ka and 18 ka and retreated
behind Lake Silvaplana after the Younger Dryas
(ca 14.6 ka; Ivy-Ochs et al., 2008; Ilyashuk
et al., 2009). The summit of the Inn glacier sys-
tem was located above St. Moritz and Samedan
at a maximum of 2900 m a.s.l. and probably at
ca 2800 m a.s.l. during the Wiirm Glacial (last
glacial period, Maisch, 1992). After a reduction
in ice thickness during the Late Glacial, the gla-
cier floated up so that sediments could accumu-
late at the ice base in a subglacial lake
(Schlichter, 1987).

Inflowing rivers delivering the clastic particles
erode Penninic and Austroalpine rocks and
drain a catchment of 129 km?* (Fig. 2A). Clastic
sedimentation is dominant in Lake Silvaplana,
but autochthonous production increased due to
recent eutrophication (Ohlendorf et al., 1997).
Annually laminated sediments (varves) were
continuously deposited in Lake Silvaplana for
the last 3300 years, combined with sedimenta-
tion rates up to nine times higher than in the
interval from 8000 to 5000 cal yr Bp (Leemann &
Niessen, 1994). Varves are not detected in neigh-
bouring Lake Sils, making Lake Silvaplana the
preferred place to study palaeofloods and
palaeoclimate (Leemann & Niessen, 1994; Blass
et al., 2007a,b; Trachsel et al., 2008). Eighty-five
palaeoflood layers have been identified from tur-
bidites in sediments of Lake Silvaplana (Stewart
et al., 2011a). These turbidites show a higher
frequency during cool and/or wet phases of ca
1450 Before Common Era (BcE, 3400 cal yr Bp) to
420 Common Era (ce; 1530 cal yr Bp; Stewart
et al., 2011a).

The presence of glaciers within lake catch-
ments affects lacustrine sedimentation. During
periods of glacial readvances and retreats, lacus-
trine sedimentation is dominated by increased
riverine input of silt-sized and clay-sized mate-
rial delivered by glacial meltwater (Leemann &
Niessen, 1994). Rates of erosion are generally
higher for glacial than for non-glacial catch-
ments (Church & Slaymaker, 1989; Bogen, 1996;
Glur et al., 2015).

Pollen assemblages from sediment cores of
downstream Lake St. Moritz and Lake Champfer
show human impact in the Upper Engadine
from around 5500 cal yr Bp onward. Marked veg-
etation changes and regular cereal cultivation
started ca 3900 cal yr BP (Gobet et al., 2003).
Evidence for regional deforestation was found in

pollen and charcoal data from sediment records
of Lake St. Moritz between 700 and 1700 cE
(Gobet et al., 2003).

Palaeoseismicity

The Swiss earthquake catalogue documents
strong prehistoric and historic earthquakes (Mw
>6) to have occurred within the study area
(Fig. 1; ECOS-09, 2011). In Churwalden, located
ca 35 km north-west of the Engadine Line, the
most significant earthquake was documented in
1295 cg, characterized by a moment magnitude
of Mw 6.5 £ 0.5 and an assessed epicentral
intensity of VIII (Schwarz-Zanetti et al., 2004).
In Ftan, ca 50 km to the east of Lake Silvaplana,
a Mw 5.4 earthquake hit the region in 1622 ce
(ECOS-09, 2011). More recently, in December
1999, a Mw 4.9 earthquake occurred in Bormio
(ECOS-09, 2011), located ca 40 km to the east of
the Engadine Line. In the last 1000 years, the
region around Lake Silvaplana (radius of 50 km)
was hit by 17 earthquakes with moment magni-
tudes of Mw >4, epicentral intensities of V to
VII, and focal depths of 5 to 15 km (ECOS-
09, 2011). Although these palaeoearthquakes
could not yet be related to the Engadine Line,
the fault system of the Engadine Line is consid-
ered to be a seismically active structure with
low-magnitude historical events (Albini et al.,
1988). Prehistoric earthquakes likely have con-
tributed to the triggering of deep-seated gravita-
tional slope deformations (Tibaldi & Pasquare,
2008).

In upstream Lake Sils, an up to 6 m thick
megaturbidite, originating from a partial Isola
Delta collapse with a depositional volume of
6.4 x 10° m®, has been radiocarbon dated to 550
to 800 ce (Fig. 2; Blass et al., 2005). Onshore
and in the shallow environment of Lake Sils, a
peat layer is overlain by a centimetre to deci-
metre thick layer consisting of gravelly sand to
fine silt (Nigg et al., 2021). Moreover, within this
clastic layer, Roman altars have been found in
1964 ce (Erb et al., 1966). Nigg et al. (2021) sug-
gested that this layer represents a palaeotsunami
deposit ultimately caused by waves triggered by
the above-described delta collapse. An undocu-
mented earthquake dated to the 6th century is
suggested as a trigger mechanism for deforma-
tions in a stratigraphic sequence and an archaeo-
logical site in Como city (Livio et al., 2023).
Additionally, two megaturbidites in Lake Como
at a distance of 90 km have been suggested to be
caused by seismic shaking in the 6th and 12th
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centuries (Fanetti et al.,, 2008). The thickest
large-scale mass wasting deposit of Lake Iseo,
85 km to the south of Lake Silvaplana, is dated
to 1191 + 62 ce (Lauterbach et al., 2012). In a
more recent study of that lake, the three thickest
mass movements have been suggested to be trig-
gered by earthquakes in 1222 cg, 1117 ce and
700 ck (Rapuc et al., 2022).

DATA AND METHODS

Bathymetric data

High-resolution bathymetric data have been
acquired in October 2019 using a Kongsberg
EM2040 multibeam echosounder (Kongsberg
Gruppen ASA, Kongsberg, Norway) in 1° by 1°
beam-width configuration. The device operates
at 300 kHz and records 400 depth detections per
pulse, with a ping rate of up to 20 Hz in shallow
waters. A Leica GX1230 GNSS receiver (Leica,
Wetzlar, Germany) was used for positioning in
combination with the swipos-GIS/GEO real time
kinematic positioning system provided by swiss-
topo. The survey lines were carried out in a
shore-parallel pattern to guarantee best detection
quality along steep shorelines. Key processing
steps involved the merging of all auxiliary-
sensor data (motion sensor, heading sensor,
sound velocity sensor, positioning), and review-
ing and manually correcting them if erroneous
recordings occurred. A gridded dataset with a
1 m cell size and a vertical resolution of a few
centimetres in shallow water (<30 m depth) to
decimetres (deeper basin, >60 m depth) was pro-
duced for morphological analysis (Fig. 3).

Seismic data

High-resolution reflection seismic profiling was
conducted with a 3.5 kHz single-channel pinger
system (Geoacoustics Limited, Great Yarmouth,
UK) containing four piezoelectric transducers
during two field campaigns in 2005 and 2011.
Approximately 20 km of 2D seismic data were
collected with a cruise speed of 5 km h™" and a
shooting interval of 0.5 s (Fig. 3B). Positioning
data were obtained by a GPS system mounted
directly on the sender/receiver assembly, result-
ing in an accuracy of +5 m. The seismic signal
reached a maximum penetration of 75 m (100 ms
TWT) with a vertical resolution of ca 10 cm. The
seismic profiles have later been interpreted using
the software Kingdom™. Two-way-travel times

(TWT) were converted into more comprehensible
depths below lake surface assuming conventional
P-wave velocities of 1450 m s~ ' for water and
1500 m s~ ' for sediment. A quasi-3D seismic
analysis of the sedimentary fill of the basin was
obtained from the seismo-stratigraphic interpreta-
tion. This detailed analysis was the base to select
ideal coring sites, define sediment packages, and
establish a seismo-stratigraphic framework. Four
seismic facies were defined, which have been dis-
tinguished by criteria such as continuity, reflec-
tion amplitude and depositional geometry. The
upper and lower boundaries of the different turbi-
dites, megaturbidites and associated slide wedges
were interpreted in the seismic data of the entire
basin. The volumes of the megaturbidites were
estimated by gridding these boundaries in the
SURFERS8® software. In addition, the sediment
cores of former studies were localized on the
seismic grid to calibrate the lake stratigraphy
(Fig. 3B).

Sediment-core analysis

Two 10.5 m long piston cores were recovered
from the frozen lake surface in March 2012
using a UWITEC percussion piston-coring sys-
tem (UWITEC, Mondsee, Austria; SVA12-2 and
SVA12-3, position in Swiss Grid LV95:
2780640/1146976; same location for both cores).
The cores were retrieved in the deepest part of
the basin at 76.4 m water depth within an area
of relatively well-stratified sediments interca-
lated by one large mass-movement deposit that
is overlain by a thick, acoustically transparent
body with a smooth surface. Minimal hiatuses
along the core were guaranteed by selecting a
coring site where sedimentary deposits in the
seismic profiles showed a low degree of erosive
behaviour. The long core was retrieved in 3 m
long sections, which were subsequently cut into
three smaller parts (ca 1 m in length). The first
long core (SVA12-2) has sections from 0 to 3 m,
3 to 6 m and 6 to 9 m subsurface depth, whereas
the second long core (SVA12-3) reaches from 1.5
to 4.5 m, 4.5 to 7.5 m and 7.5 to 10.5 m subsur-
face depth (Fig. S1). Using a hammering short-
coring device, a short sediment core (SVA12-1)
was collected from the same site to calibrate the
long cores by obtaining the undisturbed
sediment-water interface. A composite section
has been established from the cores taken with
slight lateral offset and an overlap of 150 cm
(Fig. S1) through a macroscopic layer-to-layer
correlation.
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Petrophysical sediment analysis was con-
ducted on the unsplit core sections using a
GEOTEK multi-sensor core logger (Geotek Lim-
ited, Daventry, UK), and allowed measuring
wet-bulk density, magnetic susceptibility and P-
wave velocity throughout the core at intervals of
0.5 cm for 10 s. The P-wave velocities obtained
from the GEOTEK measurements of the sedi-
ment cores are not continuous so that they were
not used to convert time to depth. After the core
segments were split lengthwise, core photo-
graphs were taken immediately to avoid changes
related to oxidation and drying. The single pho-
tographs of the 20 cm long core intervals were
merged. After photography, a sedimentological
description was done and samples of selected
intervals were sieved for grain-size analysis.
Grain size, organic matter, mica and vivianite of
the event layers were analysed visually. Using
all of the described results, a classification con-
sisting of four lithotypes was established.

Chronology

The cumulated thickness of event layers (turbi-
dites and mass flows) was subtracted and a
background sediment column (event-free sedi-
ment depth) was generated to obtain a solid
chronology and background sedimentation rates.
The thickness of the background sediment sec-
tion measures ca 6 m. To date the past mass

movements, the top of each turbidite deposit
was determined and a specific stratigraphic hori-
zon was created for every event (Table S1).
These stratigraphic horizons are acting as time-
lines. Precise core-to-seismic correlation allowed
to date the event horizons defined in the seismic
profiles, and to establish distribution and vol-
umes of mass movements.

Eight samples were taken within hemipelagic
sediments for radiocarbon dating from the long
sediment core. The material was a piece of wood
for one sample and larches (Larix) needles
sieved from 0.5 cm intervals for the other seven
samples (Table 1). Samples were radiocarbon-
dated at ETH Zurich and at the Laboratory for
the Analysis of Radiocarbon with AMS (LARA)
of the University of Bern (Table 1; Szidat
et al., 2014). Obtained radiocarbon ages were
calibrated using OxCal (version 4.4; Ram-
sey, 2009) and the IntCal13 calibration curve
(Reimer et al., 2013). Additionally, the upper-
most 30 cm of the short sediment core were
sampled in 0.5 cm intervals and measured with
a gammaspectroscope for '*’Cs radionuclides.
The age model for the background sedimenta-
tion in the core is based on these two tie points
(1963 and 1986) as seen in the '*’Cs peaks
(Appleby, 2001; Cohen, 2003), combined with
the eight AMS radiocarbon (**C) dates. The
uppermost point of the age model represents
the year 2012, the year the sediment core was

Table 1. Calibrated radiocarbon ages from terrestrial organic macro-remains used for the age-depth-modelling.

14C
age + 1o Calibrated +1s

Sample Composite  Background Sample Sample (**C years 1o (cal C (cal. Probability
code Core ID depth (cm) depth (cm) description material BP) years BP) yr) (%)
BE- SVA12-2-1B-31 110 65.5 Needle Macrofossil 193 + 83 165.5 165.5 87.0
12175.1.1 fragments
BE- SVA12-3-1B-58 290 233.0 Needle Macrofossil 996 + 74 899.5 158.5 95.4
12176.1.1 fragments
BE- SVA12-3-1C-09 345 270.0 Needle Macrofossil 1275 + 69 1180.0 125.0 94.5
12180.1.1 fragments +

birch seed
ETH-46611 SVA 12-2-2A-03 399 303.5 Wood Wood 1445 + 25 1340.0 40.0 95.4
BE- SVA12-2-3B-29 660 361.0 Needle Macrofossil 2027 + 52 2000.0 123.0 95.4
12181.1.1 fragments
BE- SVA12-3-3A-24 740 430.5 Needle Macrofossil 2604 + 77 2655.0 220.0 95.4
12177.1.1 fragments
BE- SVA12-3-3B-33 850 520.5 Needle Macrofossil 3106 + 32 3308.5 78.5 95.4
12178.1.1 fragments
BE- SVA12-3-3C-98 1000 624.5 Needle Macrofossil 6791 + 63 7660.5 98.5 93.2
12179.1.1 fragments
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collected. The radiocarbon dates were calibrated
within the Bayesian age modelling package ‘rba-
con’ (v2.3.6) in R (Blaauw & Christen, 2011).
Ages are given in cal yr Bp, where Bp is the
year 1950.

Discrimination between seismically-triggered
and flood-triggered deposits

Multiple mass-flow deposits and associated over-
lying megaturbidites (>10 cm thick) along a single
stratigraphical horizon in seismic data are key cri-
teria to identify a seismic trigger mechanism
(Schnellmann et al., 2002, 2006; Strasser
et al., 2006; Strasser & Anselmetti, 2008; Bellwald
et al., 2016a, 2019a; Kremer et al., 2017). Small-
scale mass-movement event deposits, however,
cannot be resolved by the seismic data, in particu-
lar on the delta slopes characterized by a lower
signal penetration and lower signal quality. Sedi-
ments accumulated on the deltas can fail and pro-
duce a turbidite without requiring an external
trigger, but mass-flow deposits from lateral slopes
lacking any major riverine input are required to
define a seismically-triggered event (Strupler
etal., 2018).

Turbidites lacking any association with slide
wedges and deformed sediments, that were gen-
erally thinner (<10 cm) but with stronger mag-
netic susceptibility excursions, were interpreted
as flood events. In contrast, mass-flows originat-
ing from lateral flanks of the lake are supposed
to produce thicker turbidites in the deepest part
of the basin of Lake Silvaplana, from where the
sediment core is taken. However, our study can-
not differentiate beds deposited by flood events
from small-scale delta collapses that remobilize
former flood material. Consequently, the 53 thin-
ner turbidites (<10 cm) were all interpreted as
flood-related deposits.

Following the definition of Baker (2008) for
natural hazards, palaeoearthquakes were defined
as ancient earthquakes that occurred without
being recorded by either direct seismic measure-
ment or observed by any seismologist. The
palaeoseismic events postulated in this study
are compared to existing historic and prehistoric
earthquake catalogues, the latter derived from
mass-movement deposits in surrounding lakes
(Lake Como, Lake Sils), a Swiss compilation
(Kremer et al., 2017, 2020a) and studies repre-
sentative for palaeoseismic activity in northern
Italy (Lauterbach et al, 2012; Simonneau
et al., 2013; Rapuc et al., 2022). The earthquakes
listed in the inventory of the Swiss

Seismological Service were also included
(ECOS-09, 2011; seismo.ethz.ch; Fig. 1).

RESULTS

Bathymetry

The deepest point in Lake Silvaplana is at 77 m
water depth with respect to an 89 year long
(1928 to 2017) average lake level of 1790.5 m
a.s.]. (datum LNO2) based on the gauging station
Silvaplanersee (LH2073, BAFU). The bathymetry
of Lake Silvaplana is characterized by a flat lake
basin flanked by steep slopes in the north-west
and south-east, mirroring the morphology of the
Upper Engadine Valley axis (Fig. 3). Gently-
dipping slopes are identified to the north-east
and south-west of the lake, where the largest riv-
ers enter the lake (Fig. 4A to C). These areas are
characterized by sub-lacustrine convex-shaped
fans, which are interpreted as Gilbert-type flu-
vial deltas (‘g’ on Fig. 3A). Two elongated sharp
ridges cross the lake in a north-east/south-west
direction (‘br’ on Figs 3, 4B and 4D). A promi-
nent step is identified in the south-west of the
flat basin (‘s’ on Fig. 3), crossing the basin in a
north-west/south-east direction.

A large variety of expressions indicating slope
failure are identified along the lake floor, which
include: (i) cyclic steps on the Resgia, Fedacla
and Inn Delta in the west of the lake (Fig. 4A;
Clarke et al., 2014; Bellwald et al., 2016b; Sloot-
man & Cartigny, 2020); (ii) small amphitheatre-
shaped headwalls along the steep flanks of the
ridges and along the steep flanks in the north-
west of the lake with lobe deposits onlapping
the slope flanks and remobilized blocks further
downslope (Fig. 4B to D); (iii) linear gullies in
the north of the lake (Fig. 4C); and (iv) large
amphitheatre-shaped headwalls in the basin of
the lake (‘s’ on Fig. 3).

Seismic facies analysis

The seismic lines generally show a good pene-
tration of the acoustic signal down to a maxi-
mum sub-surface depth of ca 100 ms TWT
(ca 75 m; Figs 5 to 7). Penetration is highest in
the deepest basin (Fig. 8). However, within the
deltaic environments, the seismic penetration is
reduced to <10 m. Four seismic facies (SF) were
identified in the stratigraphy of Lake Silvaplana
(Table 2; Figs 5 and 6). Continuous reflections
of moderate amplitude which are draping the
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Fig. 4. Selected highlights of bathymetric dataset, shown both in depth and slope gradient. (A) Cyclic steps shap-
ing the Resgia, Fedacla and Inn Delta. (B) Bedrock ridge with amphitheatre-shaped escarpments. Channel from
the Vallun River is indicated by white arrow. (C) Deeply carved escarpments of the Vallun Delta. Linear gully-
type slope failure characterizing the Vallun Delta is shown by white arrows. (D) Slope failures along steep lake
flanks. Slide blocks and bedrock ridge are indicated. For figure location, see Fig. 3B.
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Fig. 5. Seismic profile across the central basin displaying variable seismic facies (SF): SF2 and SF3 are inter-
preted as mass-movement deposits. Note the difference in ponding and onlapping behaviour of SF3 compared to
the well-stratified and draping layers defining SF1. The profile shows the uppermost four palaeoseismic events
(SF2 and SF3, indicated as I-IV) and flood events detectable in the reflection seismic data (black lines). For profile
location, see Fig. 3B.
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Fig. 6. Seismic profile across Lake Silvaplana with coring site for long sediment core SVA12 (black bar). The core
penetrates the deposits of four earthquake-triggered megaturbidities (indicated as I-IV; V and VI have not been
penetrated). Flood events detectable in seismic profiles are shown as black lines. For profile location, see Fig. 3B.
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pre-existing topography characterize SF1. This
facies can be identified throughout the lake
infill. SF2 is defined by chaotic reflections of
moderate to high amplitudes with irregular
sharp boundaries and erosive basal contacts.
The upper boundary can have a bulging charac-
ter. The facies has a wedging character in profile
view, and builds lobes with radial decrease in
thickness in planar view. Several of these
wedges have been recognized along ten different
continuous seismic reflections (Fig. 7). This
facies mainly occurs along the lake flanks and
the ridges. SF3 consists of transparent units of
low amplitudes bounded by reflections of high
amplitudes both to the top and bottom. The
reflections  defining SF3 are onlapping
the wedges of SF2. The volumes defined by the
top and base reflection of SF3 vary from 25 000
to 292 000 m®. SF3 is exclusively deposited in
the deepest part of the basin. The sediments
characterizing this facies are deposited within
one depocentre for eight deposits, and two
depocentres have been mapped for two deposits.
While SF1 to SF3 have been cored, a fourth seis-
mic facies (SF4) was identified that could not be
reached by coring (Figs 6 and 7). This facies is
characterized by scattered internal reflections,
and forms two large north-east/south-west ori-
ented ridges at the lake floor, with an elevation
of about 25 ms (or ca 19 m) compared to the
surrounding lake floor (‘br’ on Fig. 8). Two
north-west/south-east oriented ridges of SF4
cross the lake, but are not expressed at the lake
floor (‘mr’ on Fig. 8). However, one of these
ridges correlates with the large headwall in the
flat basin.

Sedimentology

Based on the results of the detailed core analysis
(Fig. 9), four lithofacies (LF1 to LF4) were
defined (Fig. 10; Table 2). LF1 comprises all
laminated lithologies. They have been inter-
preted in previous studies as mostly varves (Lee-
mann & Niessen, 1994; Blass et al., 2007a,b;
Trachsel et al.,, 2008, 2010; Stewart et al.,
2011b). Two subtypes of laminated lithofacies
were distinguished: LF1la is characterized by
silty to clayey laminations with densities from
1.2 to 1.6 g cm ® and magnetic susceptibilities
of 20 to 30 x 10° SI. The laminations of LF1a
are bright and <0.5 cm thick (Fig. 10A), and
occur in the uppermost 8.5 m of the core. The
thicker laminae of LF1a have a coarser grain size
and are highly variable in colour (light grey,

dark grey, light brown), whereas the thinner
laminae of LF1a are fine-grained and different in
colour (orange-brown, brown, greenish-brown).
A second type of lamination (LF1b) is dark,
more sticky, low in water content, contains gas
cracks and is <1 cm thick. The laminations of
LF1b are thicker and darker than those
described in the bright lamination lithotype
defining LF1a (Fig. 10B). The darker laminations
(LF1b) dominate the lowermost 1.5 m of the sed-
iment core (Fig. 9). Deformed silty to clayey
sequences with a patchy, mottled pattern define
LF2 (Fig. 10C). The lithofacies occurs in pack-
ages thicker than 10 cm with densities of
1.4 g cm° and magnetic susceptibilities of 20 to
30 x 10° SI. LF3 is characterized by normal
grading from coarse sand to fine clay overlain by
homogenous clay with few sandy intercalated
layers towards the base (Fig. 10D and E). The
bases are characterized by sharp and erosive
contacts with a characteristic dark grey to black
colour. The grading is supported by peaks in
density values increasing from 1.4 to 2.0 g cm
at the base of the units. Gas cracks are identified
in the homogenous parts of the facies, whereas
the coarser base includes mica minerals. LF3
has been identified in four stratigraphic levels.
LF4 shows normal grading with medium sand at
its base (Fig. 10F). The base can be either ero-
sive or conformable and contains organic matter,
vivianite and mica. The units of LF4 are less
than 10 cm thick, and have a density of 1.6 to
1.8 g cm ® and magnetic susceptibilities of 40
to 110 x 10° SI. In the sediment core, 10 thicker
layers (<10 cm) were detected with a medium
sandy base and 43 very thin event layers
(<2 cm) with a medium to fine sandy base (Figs 7
and 9).

Chronology

1%7Cs radionuclide activity in the uppermost
30 cm of core SVA 12-1 highlights the occurrence
of a well-defined and very strong peak at 3.25 cm
(414 Bq kg™'; Fig. 11). A second, smaller peak
(167 Bq kg™ ') is detected at a depth of 5.75 cm
(Fig. 11). The first peak is interpreted to coincide
with the contamination induced by the Chernobyl
nuclear reactor meltdown in 1986, whereas the
second peak reflects the peak level of atmospheric
nuclear weapon tests in the northern hemisphere
in 1963 (Appleby, 2001). These interpretations
agree with the fall-out data of soils in Europe
following the Chernobyl accident (https://
www.criirad.org/sommairecartessecteur/) and in
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sediments of Lake Tovel to the east of Lake Silva-
plana (Kulbe et al., 2005). The uppermost 6.5 cm
of sediment of the short core were free of remobi-
lized deposits (the first described turbidite occurs
between 6.5 cm and 8.0 cm core depth). Includ-
ing the suggested ages related to the '*’Cs peaks,
an average background sedimentation rate of
1.2 mm a~ ' was calculated for the time period of
1963 to 2012. Compared to the period of 1963 to
1986 with 1.1 mm a~', sedimentation rates for
1986 to 2012 seem to have slightly increased to
1.3 mm a '. The Bayesian age model for the core
(Fig. 11) shows a sedimentation rate of
0.25 mm a ' for the time period from 7700
to 3300calyr B, 1mma ' from 3300
to 1500 cal yr BP, 2 mm a~ ! from 1500 to
200 cal yr p, and 1 mm a ' from 200 cal yr BP to
present.

The timing of the 57 identified depositional
events in the long core was established through
the modelled age of the respective bottom depth
of each event (Fig. 11; Table S1). Four event
layers with multiple mass-flow wedges were
recorded in the long sediment core and dated
to 230 + 45, 310 + 65, 960 + 160 and 1330 +
90 cal yr Bp. Furthermore, 53 smaller turbidite
layers were cored, which occur more frequently
during the last 4000 years. A radiocarbon date at
the base of the sediment core revealed an age of
7661 cal yr BP.

INTERPRETATION OF STRATIGRAPHY

Comparing the seismic reflection patterns with
lithological and physical properties of the sedi-
ment core enables an accurate seismic-to-core
correlation (Fig. 12). The logs of the piston core
show four lithological facies, which can be tied to
the seismic facies. The continuous seismic reflec-
tions (SF1) correlate with the fine-grained lami-
nations in the sediment core (LF1). These
undisturbed units were interpreted as hemipela-
gic sediments, and the laminations formed by
seasonal processes (Blass et al., 2005, 2007a,b;
Trachsel et al., 2008, 2010; Stewart et al., 2011a,
b). Depending on prevailing climate and pro-
cesses active in the catchment, the deposited
laminations can vary in colour, porosity and stiff-
ness (Gobet et al., 2003). The bright laminations
are identified in the hemipelagic sediments of the
last 3300 years, and the dark laminations were
deposited in the time period from 3300 to
7700 cal yr Bp. A downcore change from bright
varves to dark laminated sediments at ca

3300 cal yr Bp is also observed in the sediment
cores located at more shallow water depths of
Lake Silvaplana (Leemann & Niessen, 1994).

The chaotic wedges correlate with deformed
silty—clayey units, and the authors interpret these
expressions as mass-flow wedges. Because sedi-
mentology, density and susceptibility are all sim-
ilar to the hemipelagic deposits, and former
layering is still recognizable, the wedge-forming
sediments were inferred to have failed in a cohe-
sive behaviour (‘mass flow’). Irregular lower
boundaries indicate an erosive character of these
mass flows. The upper boundaries are sometimes
building up bulges, indicating folding and thrust-
ing of the overridden and partly deformed basin-
plain sediments during the emplacement of the
mass-flow deposits (Schnellmann et al., 2005;
Sammartini et al., 2021). This facies has also been
recovered in previous studies by piston cores 90/
1 and 90/2 (Fig. 13), but these sediments were not
interpreted as mass-flow deposits (Leemann &
Niessen, 1994). It is thus likely that there is no
erosive contact related to these deposits when
accumulated in the deepest part of the basin, and
that the mass flows might consist of minimally
deformed sediments of the Vallun Delta (Fig. 13;
Leemann & Niessen, 1994).

The thicker normally graded units with a
homogenous facies overlie the mass-flow wedges.
These are interpreted as megaturbidite deposits
related to the large suspension clouds produced
during mass flows originating from overloaded
steep lateral slopes and gently-dipping deltas.
Megaturbidites are virtually instantaneous onsets
of exceptionally large volumes of sediment
(Bouma, 1987). The homogenous facies in the
upper part of the megaturbidite is most likely
formed by suspension settling following slope
failure, as also observed in sediment cores from
Hardangerfjord and the Corinth rift (Bellwald
et al., 2016a; De Gelder et al., 2022). The colour
of the megaturbiditic deposits is the result of
mixing of fine-grained sediment settling in the
water column. The sandy interlayers within
the megaturbidite bed can be caused by seiche or
other local mass-movement effects during the
suspension settling. Large turbidity currents may
be strongly erosive before becoming depositional
(Sturm & Matter, 1978; Mulder & Cochonat, 1996).
Compared to their thicker counterpart, the thin-
ner normally-graded units are not overlying any
wedges, and are interpreted as turbidites (Mulder
& Cochonat, 1996). Although 53 of these turbi-
dites have been cored, only the ten thickest of
them can be recognized as a high-amplitude
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Fig. 8. Map of acoustic basement and infill of Lake Silvaplana. Two north-east/south-west (br: bedrock ridge) and
two north-west/south-east oriented ridges (mr: moraine ridge) can be identified in the acoustic basement (extents
indicated by dashed lines). These ridges are characterized by a thinner sediment overburden and form sub-basins.

Blue lines indicate 20 m isolines of the modern lake bathymetry.

reflection in the seismic data, which can be
related to vertical resolution of the pinger system
(ca 10 cm). The authors infer settling of suspen-
sive turbidity flows with smaller volumes
and most likely local sources in their formation
(Glur et al.,, 2013; Wirth et al., 2013; Stgren
et al,, 2016). A pronounced peak in magnetic-
susceptibility data, high contents of organic mat-
ter and occurrence of vivianite indicate the origin
of these turbidites to differ from the megaturbi-
dites. Megaturbidites have not been described in
piston cores 90/1 and 90/2 (Leemann & Nies-
sen, 1994). Our seismic data indicate that there
are no megaturbiditic deposits at these coring
locations, but that the megaturbidites occur ca
200 m downslope of these sediment cores
(Fig. 13).

The chaotic and heterogenous facies identified
at the lower part of the seismic profiles (Fig. 7)
is interpreted as acoustic basement, consisting
either of glacial deposits or of crystalline bed-
rock. The top of this facies has successfully been
mapped out for most of the lake (Figs 7 and 8).
In areas with high gas content, the seismic sig-
nal did not image this facies boundary. Both gla-
cial moraines and bedrock ridges are
characterized by chaotic and transparent facies

in the seismic data of lakes and fjords (Hilbe
et al.,, 2011; Bellwald et al.,, 2016a,b; Fabbri
et al., 2018). The differentiation between glacial
deposits and crystalline basement based on seis-
mic facies interpretation in Lake Silvaplana is
not possible. Using geomorphological criteria,
the two lake-crossing ridges in the predomi-
nantly flat basin plain in the deep part of the
lake more likely represent subaquatic moraine
ridges and not outcropping bedrock (‘mr’ on
Fig. 8). These subaquatic moraines formed along
the front and sides of a glacier following the
main valley, or ice masses originating from an
elevated side valley. The two valley-following
ridges expressed at the lake floor mirror the tec-
tonic structure of the region, and are interpreted
as bedrock ridges (‘br’ on Figs 3, 4, 8 and 13).

DISCUSSION

Stratigraphy of Lake Silvaplana

A deep basin and four ridges form the acoustic
basement of Lake Silvaplana. The glacially over-
deepened basin is ca 160 m (210 ms TWT) deep
(with reference to lake level) and flanked by steep
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(with events I-IV indicated), lithological log with radiocarbon dates (arrows, in cal yr Bp), density plot and mag-
netic susceptibility plot. Flood layers consisting of medium to fine sand with a thickness of less than 2 cm (in
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Fig. 10. Core photographs showing lithological facies (LF) identified in SVA12-2 and SVA12-3. (A) Bright lamina-
tions from the top of the core (LF1a, depth of 2.2 m in composite section). (B) Dark laminations from the base of
the core (LF1b, depth of 10.0 m). (C) Deformed strata underlying megaturbidite. Former laminations are still
weakly recognizable (LF2, depth of 5.7 m). (D) Centre of megaturbidite consisting of homogenous sediments (LF3,
depth of 4.2 m). (E) Base of megaturbidite characterized by coarse-grained sand, erosive basal contact and mud-
clasts (LF3, depth of 5.4 m). (F) Thin turbidite consisting of medium sand with smaller thickness and normal
grading (LF4, depth of 6.7 m). Black arrows in core photographs indicate laminations.

slopes to the west and the east (Fig. 8). The two
ridges at the lake floor have the same orientation
as the Engadine Valley and follow the Engadine
Line (Figs 1 to 3). Their formation might have
been affected by the tectonic setting of the Enga-
dine Valley. The two lake-crossing ridges formed
smaller sub-basins in the Early Holocene, which
became infilled and are no longer expressed on
the modern lake floor. However, one of these
ridges is associated with a slide scar along the
gently-dipping lake floor (Figs 3A and 8), and
might act as a location of slope instability. These
lake-crossing ridges were interpreted as sub-
aquatic moraines (see Interpretation of stratigra-
phy section); however, the seismic grid is not
dense enough to make any more detailed conclu-
sions about their formation.

Chironomids and pollen analysis at the Maloja
Pass show that lakes existed in the Engadine
Valley throughout the Late Glacial period, with
strong input of glacial and/or snow meltwater
and erosional input older than 13 700 cal yr Bp
(Ilyashuk et al., 2009). Furthermore, the Egesen
Stage moraines of the catchment glaciers are
located upstream Lake Silvaplana (NFP
31, 1998) so that the lake was certainly ice-free
before 12 800 cal yr Bp. Therefore, lacustrine
infill was suggested to have started with the
onset of the Bglling-Allergd interstadial around
14 600 cal yr Bp, and the moraines to be likely
formed during the ice advance of the Gschnitz
Stadial in the Late Glacial (ca 17 to 16 ka).

Rivers formed Gilbert-type deltas with gently-
dipping slopes and limited acoustic penetration
in the north-east and south-west. The reduced
seismic penetration (4 ms in the Fedacla Delta)
in these thick depocentres is most likely caused
by the occurrence of free gas provided by the
decomposition of organic material combined
with the presence of coarse-grained, sandy
sediments.

The postglacial sediment infill of Lake Silva-
plana is characterized by ponding mass-
movement deposits and draping hemipelagic
sedimentation, resulting in an overall flattening
of the basin floor. The highest sediment thick-
ness of 75 m (100 ms TWT) is mapped in the
deepest part of the basin, whereas the steep
slopes show minimal sediment accumulation
(Fig. 8). Stacked mass-flow deposits in the lake
basin and mass-flow wedges at the toe-of-slopes
and moraine flanks, combined with related
deformation structures indicate repeated slope
failures. The interpretation of the seismic data
of Lake Silvaplana revealed multiple simulta-
neous mass-movement deposits at ten horizons
of the sedimentary infill (labelled I-X; Figs 7
and 14). Mass-flow wedges originate from the
steep western and eastern flanks, from delta
environments (Vallun, Sagl, Rabgiusa), from
acoustic-basement ridges and from the gently-
dipping basin floor (Fig. 14). Thick megaturbi-
dite deposits are onlapping the mass-flow
wedges in the deepest basin. The megaturbidites
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Fig. 11. Age model for the non-disturbed part of the sediment record (background sedimentation), excluding tur-
bidite and mass-flow deposits. Crosses mark tie points in 2012 (top of core), as well as 1963 and 1986 defined by
the **’Cs analysis. Blue bars indicate the calibrated radiocarbon age with 2c age distribution. The core reaches a
basal age of 7661 cal yr Bp. Age models from nearby Lake Champfér and Lake St. Moritz from Gobet et al. (2003).
Arrows show ages of earthquake-triggered events I to IV. Varves from Leemann & Niessen (1994), palaeoflooding
from Stewart et al. (2011a), human impact, vegetation changes as well as regional deforestation from Gobet

et al. (2003).

show similar depocentres for all the events with
volumes of up to 292 000 m°.

The Inn-Fedacla—Resgia deltas lack any large
mass-flow deposits, but low seismic penetration
cannot exclude their occurrence in the deeper
surface. Cyclic steps expressed at the modern
bathymetry (Fig. 4A), however, could indicate a
more frequent small-scale mass transport or
result from flood-driven underflows. Neverthe-
less, seismic reflection data provides evidence
that delta failures repeatedly contributed to the
large mass-movement deposits (Fig. 14).

Triggering mechanisms of mass movements

Multiple slide wedges were identified along ten
horizons in the seismic data, four of which were

cored and dated (Figs 9 and 14). Based on
the distribution and stratigraphic location of
the mapped mass movements, an external
triggering mechanism is suggested for these
deposits. Although deltas may fail spontaneously
(Schnellmann et al.,, 2005; Girardclos et al.,
2007), the observation that preferentially lateral
slopes and the sediments above the ridge flanks
are sliding, rules out delta collapses as the only
origin for mass-flow development. Considering
the presence of the Engadine Line, as well as his-
torical and recent seismic activity in the region,
the authors conclude earthquakes to be the most
likely triggering mechanism for these simulta-
neously failed slopes.

Rapid sedimentation and gas charging are most
likely the main preconditioning factors for slope
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failure, because these processes can result in
overpressure and a state of extreme underconsoli-
dation (Lee, 2009; Schneider et al., 2009; Wil-
helm et al., 2016; Bellwald et al., 2019b). The age
model of Lake Silvaplana shows an association
between slope failure and increased sedimenta-
tion rates (Fig. 11), but slope failures did not
occur for 1900 years compared to increased sedi-
ment accumulation from ca 3300 cal yr Bp
onward. The threshold for slope instability might
depend on sediment preconditioning related to
sedimentation rate (Wilhelm et al.,, 2016) and
existing overpressure. The first pulse of increased
sedimentation (average of 1.2 mm a ') at ca
3300 cal yr Bp did not result in any slope failures,
thus excluding sediment loading alone as the
dominant triggering mechanism. The second
pulse of increased sedimentation (average of
2.2 mm a” ) at ca 1400 cal yr BP, however, shows
a strong association with basin-wide slope failure
(Fig. 11).

The 53 smaller turbidites with a fine to
medium sandy base have been described in core

data, and ten of them correlate with a high-
amplitude reflection in the seismic data (Fig. 12).
Seismic-to-core correlation further shows an
increase in density and magnetic susceptibility
in the thicker of these beds. Unlike megaturbi-
dites, these reflections do not correlate with any
mass-wasting wedges, and are commonly draping
existing topography. Lacustrine studies from dif-
ferent areas of the Alps related these thin layers
with a sandy base and gradation, as well as
excursions in magnetic susceptibility values, to
the development of flood events producing turbi-
ditic underflows (Sturm & Matter, 1978; Sturm
et al., 1995; Chapron et al., 2002, 2005; Stgren
et al., 2010; Gilli et al., 2013; Glur et al., 2013;
Wirth et al., 2013). Following these interpreta-
tions, the 53 thin turbidites identified in the long
sediment core were suggested to represent flood
deposits consisting of catchment-sediment remo-
bilized and delivered through overland runoff
into the lake during: (i) high-precipitation events;
and (ii) from increased glacial activity, i.e. a gla-
cial outburst flood (Vandekerkhove et al., 2021).
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Fig. 13. Lateral changes in stratigraphy, sediment thickness and occurrence of event deposits in the Vallun Delta
with suggested ages of the seismic reflections based on age model of piston core 90/2 (Leemann & Niessen, 1994).
(A) Most proximal seismic profile across the Vallun Delta. Yellow lines are seismic stratigraphic key reflections
for correlation of our dataset. Mass-flow deposits (orange), megaturbidites (golden) and top acoustic basement
(green line) are shown. Sediment core 90/1 is located in a distance of ca 100 m upslope, and are projected onto
the seismic profile. (B) More distal seismic profile across the Vallun Delta. Piston cores 90/2 and 90/1 (Leemann &
Niessen, 1994) are located ca 200 m and 300 m upslope of the seismic profile, respectively, and are projected onto

the seismic profile. For profile location, see Fig. 3B.

Snowmelt in spring is negligible in Lake Silva-
plana (Blass et al., 2007b).

Flood turbidites may have a duration of sev-
eral days, and the fining-upward sequence
reflects the waxing and waning of the discharge
(Sturm & Matter, 1978). Peaks in magnetic sus-
ceptibility are attributed to the concentration of
allochthonous magnetic minerals frequently
occurring in flood deposits (Gilli et al., 2013;
Stgren et al., 2016). As shown for other Alpine
lakes (Czymzik et al., 2013; Swierczynski et al.,
2013; Wirth et al., 2013), Lake Silvaplana there-
fore can also be used as a climate archive

recording major flood events. Smaller flood
events, however, might only be recorded in the
delta environment of Lake Silvaplana, and not
have left any evidence in its deepest basin.
Delivery of detrital materials through riverine
input is crucial for sediment availability and
slope gradient, and sediment overloading at
oversteepened slopes could act as the main pre-
conditioning factor for slope failure in the
deltas. All ten major events show slide wedges
originating from the major deltas (Vallun, Sagl
and Rabgiusa), which requires sediment rechar-
ging. Cyclic steps in the south-west of the lake
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indicate more frequent, small-scale mass move-
ments or flood-triggered underflows for the Inn,
Fedacla and Resgia deltas. These rivers are dom-
inated by glaciated catchments, and the presence
of glaciers might be critical for sediment delivery
and formation of cyclic steps. The present study
did not identify any major slide escarpments in
the bathymetric data nor detect any slide wedges
originating from the Inn and Fedacla deltas. The
sediments provided by the Inn and Fedacla riv-
ers might thus have been directly transported to
the deeper basin, and the overload could explain
the large slide escarpment in the basin (Fig. 4A).
A very similar relationship between glaciated
catchment, cyclic steps and large slide escarp-
ments has been documented from the largest
delta of Hardangerfjorden, west Norway (Bell-
wald et al., 2016b).

Sedimentation patterns

Our age model suggests sedimentation rates
of 0.2 mm a~?! for the mid-Holocene (7700 to
3300 cal yr BP), 1.2 mm a~ ! for the first part of the
Late Holocene (3300 to 2000 cal yr Bp), 0.9 mm a '
for the period from 2000 to 1400 cal yr Bp and
2.2 mm a ' for the last 1400 years. The sedimenta-
tion rate in the period from 2000 to 1400 cal yr BP
could be a minimum value for the sediment accu-
mulation, as parts of the record might have been
eroded during Event IV. Previous studies from
more proximal environments of Lake Silvaplana
yielded slightly higher sedimentation rates: A
study based on a core collected between the Vallun
Delta and the deepest basin described an average
couplet (varve) thickness of 1.4 mm for the period
of 2500 to 1830 cal yr Bp (570 BCE to 120 cE; Stewart
et al., 2011b). Because our long core has been
recovered from the deepest basin, a sedimentation
rate of 1mma ' is reasonable (Fig. 3B).
The increase in sediment accumulation at ca
3300 cal yr Bp is also observed in the piston cores
analysed by Leemann & Niessen (1994).

A change in lithological facies was observed
from dark laminations before ca 3300 cal yr Bp
to bright laminations afterwards (Figs 9 and 10).
A transition from sediments with significantly
higher organic content into varves of bright col-
our has also been observed by Leemann & Nies-
sen (1994) in Lake Silvaplana. Such a change
correlates with the sediments of Lake St. Moritz,
where dark gyttja is deposited until 4000 cal yr
BP, followed by bright gyttja in the more recent
millennia (Gobet et al., 2003). This lithological
change  correlates with  an  increased

sedimentation rate in Lake Silvaplana, Lake
Champfer and Lake St. Moritz. However, the
increase in sediment supply is more significant
in Lake Silvaplana compared with Lake
Champfer and Lake St. Moritz (Fig. 11). The
Late Holocene is characterized by a wetter and
colder climate in the region (Gobet et al., 2003;
Stewart et al., 2011b). The authors suggest that
the more extensively glaciated catchment of
Lake Silvaplana resulted in a stronger signal in
the sedimentary record of Lake Silvaplana com-
pared to the lakes in the north-east. Lauterbach
et al. (2012) identified a significant increase in
sedimentation at ca 2500 cal yr Bp for Lake Iseo,
ca 70 km to the south of the study area. The
change in sedimentation from low rates in the
mid-Holocene to high rates in the Late Holocene
has been observed in many lakes of the Alps
(Leemann &  Niessen, 1994; Ohlendorf
et al., 1997; Blass et al., 2007b; Giguet-Covex
et al.,, 2011; Nussbaumer et al., 2011; Czymzik
et al., 2013), as well as in lakes and fjords with
glaciated catchments within the northern hemi-
sphere (Vasskog et al, 2011; Bellwald
et al., 2016a, 2019a).

Changes in sedimentation rates in the Late
Holocene can have multiple causes: Strong
human activity in the Engadine Valley from
around 5500 cal yr Bp changed the vegetation in
the catchment. Forests were reduced and
meadows enlarged, leading to pastured wood-
lands, the so-called ‘larch-meadows’ (Zoller &
Brombacher, 1984; Gobet et al., 2003). Soil ero-
sion and thus terrigenous supply was conse-
quently enhanced (similar in Chapron et al,
2002, Lake Le Bourget). Marked vegetation
changes and regular cereal cultivation started ca
3900 cal yr Br (Gobet et al., 2003). Evidence for
regional deforestation was found in pollen
and charcoal data from sediments of Lake St.
Moritz between 700 to 1700 ce (Gobet et al.,
2003). Coarser-grained, darkly-laminated sedi-
ments with low sedimentation rates indicate an
absence of glacial meltwater input into Lake Sil-
vaplana from 7700 to 3300 cal yr Bp. In contrast,
more fine-grained and brightly-laminated sedi-
ments correlate with an increased glacier and
flood activity in the Late Holocene.

Chronology of event deposits

The upper four earthquake-triggered mass move-
ments (I-IV) were dated between 230 and
1330 cal yr Bp, whereas the age of the six
earthquake-triggered mass movements in the
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deeper stratigraphy (V-X) cannot be well-
constrained (Fig. 15). The base of the core at ca
7700 cal yr B is the minimum age for these events,
whereas the deglaciation of the area around ca
14 600 cal yr BP is a maximum age (Ivy-Ochs
et al., 2008; Ilyashuk et al., 2009). The chronology
of the earthquake-triggered mass movements shows
that the last 1400 years were seismically more
active compared to the interval between 1400 to
7700 cal yr Bp, for which the authors did not docu-
ment any seismic events in the stratigraphy of Lake
Silvaplana (Fig. 15). The pronounced seismic clus-
ter of the Late Holocene, with Events I to IV, does
not correlate with clusters in the compilation of
earthquake-induced mass movements of Switzer-
land (Kremer et al., 2017, 2020a), indicating that
the Engadine Valley might have an independent
palaeoseismic history.

In addition to the ten megaturbidites, 53 thinner
turbidites have been identified in the sediment
core and partly by high-amplitude reflections in
the seismic profiles, which are interpreted as flood
events. Our study shows an increased flood activ-
ity for the periods of 3400 to 2900, 2600 to 2000
and 1500 cal yr BP to present, with individual
thicker layers at 7100, 6100, 4200 and 3700 cal yr
BP (Table S1). Our observed clusters in flood activ-
ity correlated with the onset of varves (Leemann &
Niessen, 1994) as well as wet and cold climate in
the region (Stewart et al., 2011a). The increased
flood activity from 2600 to 2000 cal yr BpP of our
study coincides with increased flood activity
documented by Stewart et al. (2011a). In contrast
to Leemann & Niessen (1994) and Stewart
et al. (2011a,b), this study did not identify any
floods between 1950 to 1420 cal yr sp, although
these deposits might be eroded by the thick slide
wedge dated to 1330 cal yr Bp. The last cluster of
high flood activity (1500 cal yr BP to present) com-
prises the four cored, earthquake-triggered mass
movements. Increased flood-induced sedimenta-
tion rate might have preconditioned slope stability
and increased the sensitivity of slopes towards
failing. Moreover, at the same time, Gobet
et al. (2003) suggest regional deforestation in the
area also contributing towards increased particle
flux. However, sedimentation rate alone cannot
explain the identified mass movements on the lat-
eral slopes as they still require earthquake-
triggering to be released.

Earthquake record and regional correlation

The most recent megaturbidite in Lake Silva-
plana, dated to 1719 ce (1677 to 1766 ce) and

defined as Event I (Fig. 7), onlaps three large
and six small coeval mass-flow deposits origi-
nating from different slopes and the Vallun
Delta (Fig. 14). A volume of 137 000 m® and a
maximum thickness of 0.7 m makes this mega-
turbidite the second largest of the 10 megaturbi-
dite deposits detected in the seismic data. The
closest candidate listed in the Swiss earthquake
compilation (ECOS-09, 2011) correlating with
our postulated event is the Mw ca 5.0 Prattigau
earthquake in 1695 cg, located ca 50 km north of
Lake Silvaplana (Fig. 16A). However, there are
multiple historic earthquakes correlating with
the age interval of Event I, and it is challenging
to define which earthquake caused these mass
movements.

The megaturbidite characterizing Event II
comprises of a volume of 25 000 m® and a maxi-
mum thickness of 0.4 m. The dimensions of the
megaturbidite are consequently the smallest of
the 10 events. The mass flows of Event II mainly
originate from the lateral slopes, while most of
the deltas have been stable. The event is dated
to 307 cal yr Bp (median of 1643 cE, interval of
1578 to 1706 cE), and potentially might correlate
to three historic earthquakes: (i) the Mw ca 4.4
earthquake in Chiesa (northern Italy) in the year
1623 cE, located ca 20 km in the south of Lake
Silvaplana; (ii) the Mw ca 5.0 Bergamo earth-
quake in 1642 ce (ca 80 km south of our study
site; ECOS-09, 2011); or (iii) most likely, to the
Mw ca 5.4 Ftan earthquake in 1622 ce, only
50 km to the east of Lake Silvaplana (Fig. 16B).
Event II further coincides roughly with trees
located in shallow water depths in the south-
west of Lake Silvaplana that are radiocarbon
dated to 1450 to 1650 c (Schliichter
et al.,, 2018; Fig. 2), implying that these trees
could have been redeposited by a mass move-
ment triggered by the suggested earthquake.

Event III consists of eight coevally-triggered
mass flows originating from different lateral
slopes, the Vallun and Sagl deltas, and one from
the gently-dipping basin. It is characterized by a
maximum thickness of 0.7 m and a calculated
volume of 106 000 m®. Event III is dated to
962 cal yr BP (812 to 1135 cal yr Bp), and
occurred in between 815 to 1138 ce (Fig. 16C).
Thus, it fits with the Mw ca 5.2 earthquake in
Brescia (ca 100 km to the south) in 1065 cE
(ECOS-09, 2011), the Middle Adige Valley earth-
quake in 1046 ce (Guidoboni & Comastri, 2005;
Guidoboni et al., 2007; ca 110 km to the south)
and the Verona Mw ca 6.5 earthquake in
1117 cE (Guidoboni et al., 2005; ca 150 km to
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Fig. 15. Event catalogue of Lake Silvaplana with earthquake-triggered and flood-triggered turbidite layers, and
background sedimentation rate. Horizontal thick bars indicate earthquakes (red) and floods (blue) identified in
both seismic and sediment-core data. Horizontal thin bars indicate floods <2 cm only identified in the sediment
core, which reaches to 7661 cal yr Bp. Red bars below base core are the six coeval mass movements not cored (V-
X). The number of mass flows is based on the spatial distribution maps in Fig. 14. Sedimentation rate from this
study, and sediment bulk accumulation as well as grain-size median of Lake Silvaplana from Leemann &
Niessen (1994).
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Fig. 16. Regional overview of Events I to IV (a—d). Shown are tectonic elements (red dotted lines), sedimentary
archive of this study (golden star), associated historical earthquakes (red dots) and associated sedimentary
deposits (white stars). Be: Bergamo, Br: Brescia, Ca: Chiesa, Co: Como, EL: Engadine Line, Ft: Ftan, IL: Insubric
Line, Ka: Kas, LA: Lake Achensee, LC: Lake Como, LI: Lake Iseo, LL: Lake Ledro, LO: Lake Oeschinen, Lu: Lake
Lungern, LZ: Lake Zurich, MA: Middle Adige Valley, Mu: Miinster, Pr: Prattigau, SIL: Lake Sils, SVA: Lake Silva-
plana, Ve: Verona. Lake Achensee is located ca 180 km north-east of Lake Silvaplana, rock avalanche of Miinster
is located ca 190 km east of Lake Silvaplana, Lake Lungern is located ca 130 km north-west of Lake Silvaplana,
and Lake Oeschinen is located ca 160 km west of Lake Silvaplana.

the south). Fanetti et al. (2008) estimated the triggered mass movements related to the Brescia
age of a likely earthquake-triggered megaturbi- earthquake have also been identified in Lake
dite with a volume of 3 x 10° m® in Lake Como Iseo, ca 70 km to the south, and dated to 1020
around the mid-12th century. Earthquake- to 1125 ce (Rapuc et al., 2022). The Kas rock
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avalanche, dated to 1080 + 160 cal yr Bp, is sug-
gested to be triggered by the Middle Adige Val-
ley earthquake at 1046 ce (Ivy-Ochs et al., 2017).
A seismic trigger has also been postulated for a
mass movement in Lake Ledro, dated to
1044 4+ 127 cE (Simonneau et al., 2013). A turbi-
dite in Lake Achensee, located ca 180 km north-
east from Lake Silvaplana, has been dated to
849 to 1164 cal yr Bp, and has been suggested
to be triggered by a remote earthquake (Oswald
et al., 2021). Further evidence supporting an
over-regional trigger mechanism at the postu-
lated time in Lake Silvaplana are in situ and
fallen trees, observed during a diving expedition
in 2005 at a depth of about 20 m and dated by
radiocarbon to the beginning of the 11th century
(1017 to 1211 cE; Schliichter et al., 2018; Fig. 2).
A likely explanation for the trees identified in
the subaquatic domain could be downslope
transport by an earthquake-triggered mass move-
ment. In addition, the rock avalanche of
Miinster (Inn Valley, Eastern Alps, ca 190 km
east of Lake Silvaplana) is dated to 1022 to
1049 ce (Sanders et al., 2021), and also corre-
lates with the age interval of Event IV.

Event IV is the largest earthquake-triggered
megaturbidite and characterized by extensive
slide wedges originating from four unconnected
slopes and the gently-dipping basin floor, result-
ing in an up to 2 m thick megaturbidite with a
volume of 292 000 m®. The event is dated to ca
620 cE (480 to 670 cE; 1285 to 1468 cal yr Bp).
This event coincides within radiocarbon resolu-
tion with the most prominent mass-movement
deposit in neighbouring Lake Sils (Fig. 16D),
where an up to 6 m thick megaturbidite with a
volume of 6.5 x 10° m® is radiocarbon dated to
535 to 776 cE (Blass et al., 2005). A related clas-
tic deposit in the shore and nearshore area has
further been interpreted as a tsunami deposit
related to the same delta collapse in the south-
eastern part of Lake Sils (Nigg et al., 2021;
Fig. 2). Furthermore, seven radiocarbon dates of
trees standing in water depths of ca 30 m in the
south-west of Lake Sils indicate median ages of
639 to 721 ce (Schlichter et al., 2018). In Lake
Como, roughly 90 km from our study site, a
prominent lacustrine mass movement was dated
to the early 6th century and also suggested to be
earthquake-triggered (Fanetti et al., 2008). An
undocumented earthquake in the 6th century
has been suggested based on deformations in a
stratigraphic sequence and in an archaeological
site in Como city (Livio et al., 2023). Livio
et al. (2023) claim a minimum Mw 6.32

earthquake with an epicentre located at the bor-
der between Italy and Switzerland to have trig-
gered slope failure and deformation in different
archives. Submarine mass movements in Lake
Ledro (ca 100 km south-east) have been dated to
1256 + 115 cal yr BP (ca 690 cr; Simonneau
et al., 2013) and to 640 to 830 ct in Lake Iseo
(ca 70 km to the south; Rapuc et al., 2022). Evi-
dence from archives located with a distance
larger than 100 km include: (i) a bed with coeval
slope failure dated to 1430 cal yr BP in Lake
Zurich (ca 520 ce; Strasser et al., 2013);
(ii) two mass movement deposits dated to
1360 + 210 cal yr Bp in Lake Lungern (ca
590 ce; Monecke et al., 2006); and (iii) a mass
movement dated to ca 1320 cal yr B in Lake
Oeschinen (ca 630 ce; Knapp et al., 2018). All of
these studies support our interpretation for a
single earthquake to trigger these mass flows.
Thus, it is postulated here that a catastrophic
event in the early 7th century, caused by an
over-regional, large earthquake involving cascad-
ing events, was able to trigger all of the docu-
mented deposits. Although only indirectly
indicative for a seismic trigger, the megaturbi-
dite volume is by far the largest cored and
mapped in Lake Silvaplana (Fig. 14). As associ-
ated slope failure extends from Lake Zurich in
the north to Lake Como in the south, with strong
evidence in different archives of the Engadine
Valley, the earthquake might have had an epi-
centre close by (Fig. 16D). Although Albini
et al. (1988) claim that the Engadine Line is seis-
mically active in recent times, signals of direct
neotectonic activity, as expressed in faults, have
not been observed in seismic data so far.

The combined effects of the postulated
earthquake, the delta collapse and the following
tsunami provide an explanation for the coarse-
grained layer overlying a peat layer and burying
Roman altars in Sils-Maria (Erb et al., 1966).
Numerical simulation shows that the tsunami
waves that were generated from the delta col-
lapse in Lake Sils had an overflow into Lake Sil-
vaplana (Nigg et al, 2021). However, it is
unlikely that the tsunami wave could have
caused basin-wide lateral slope failure in Lake
Silvaplana, especially as this study also identi-
fied a failure scar in the deep basin (Fig. 3A).

The cluster of six regionally-triggered mass
movements between 11 300 and 7700 cal yr Bp
(Events V-X; Fig. 15) might be related to the
deglacial history of the Engadine Valley.
Enhanced mass movement activity following
deglaciation is also observed in other lakes in the
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Alps (Beck et al., 1996; Monecke et al., 2006;
Schnellmann et al., 2006; Simonneau et al., 2013;
Strasser et al., 2013; Oswald et al., 2021) and
Norwegian fjords (Bohme et al., 2015; Hermanns
et al.,, 2017; Bellwald et al.,, 2019a). The time
periods from 10 to 9 and 2 to 1 cal kyr Bp are
characterized by increased slope instabilities in
the Alps (Ivy-Ochs et al., 2017). Rock avalanches,
suggested to have a link with enhanced crustal
seismicity by glacio-isostatic rebound, are docu-
mented throughout the Early Holocene (Ivy-Ochs
et al., 2017). The six seismically-triggered mass
movements, Events V to X, all occurred between
7700 to 11 300 cal yr Bp. This time period of
Events V to X further correlates with a cluster
of enhanced seismic activity in the Swiss earth-
quake catalogue (Kremer et al., 2017). The compi-
lation of rock avalanches shown by Ivy-Ochs
et al. (2017) lists several candidates that could
potentially be, similar to the mass movements in
Lake Silvaplana, secondary effects of large earth-
quakes in Eastern Switzerland or northern Italy.
Sedimentation rates in Lake Champfer and Lake
St. Moritz are strongly increased for the time
period from 11 000 to 11 500 cal yr Bp (Gobet
et al., 2003), and might have contributed to the
volumes and enhanced susceptibility of the
Early-Holocene mass movements.

Events V and VI are located 1 and 2.5 ms
TWT below the base of the long sediment core,
respectively, and are thus somehow older than
the basal core age of ca 7700 cal yr Br (Figs 6
and 7). One of these events might correlate to
the largest mass movement detected in neigh-
bouring Lake Champfer, which occurs close to
the seismic reflection dated to ca 7700 cal yr Bp
(Gobet et al., 2003; Fig. 17).

Sensitivity of Engadine lakes to register
tectonic and climatic changes

Sensitivity for seismically-triggered mass
movements

A comprehensive comparison with other palaeo-
seismic archives of south-eastern Switzerland
and northern Italy was conducted to establish a
more complete and reliable palaeoearthquake
record with the earthquake reconstruction from
Lake Silvaplana (Fig. 16). Event III is the best
case to discuss earthquake-signal recording
within the sediments of Lake Silvaplana. The
suggested age of 815 to 1138 ce allows three
earthquakes, all with epicentres in northern
Italy, as potential seismic trigger for this mass
movement: The Brescia earthquake in 1065 ck,

the Middle Adige Valley earthquake in 1046 cE
and the Verona earthquake in 1117 ce. The Bre-
scia earthquake (Mw ca 5.2) was suggested as
the most likely candidate, because it is located
100 km south from Lake Silvaplana compared to
the 150 km distance of Verona (although having
Mw ca 6.5). It is also more likely that the first-
occurring earthquake is recorded in the sedi-
ments of subaquatic archives, as the slopes have
to be recharged with sediment vulnerable to fail
again. For the subsequent Verona earthquake
from 1117 ce (52 years later), the slopes were
likely not recharged yet, and no slope failure
was triggered, thereby not leaving any traces
from the earthquake in the sedimentary record
of Lake Silvaplana. In Lake Ledro and Lake Iseo,
which are located much closer to the epicentre,
the Verona earthquake was detected (Simonneau
et al., 2013; Rapuc et al., 2022).

The sediment cores from Lake Iseo (Rapuc
et al., 2022) have an event layer at 1120 to
1220 cE (interpreted to be caused by the Brescia
earthquake in 1222 ce, Mw ca 6.0), an event
layer at 1020 to 1125 ce (interpreted to be
caused by the Verona earthquake in 1117 cE)
and an event layer at 640 to 830 ck, lacking any
documented earthquake. This oldest event layer
coincides well with Event IV of Lake Silvaplana
(480 to 670 ck, Fig. 16D), being the most promi-
nent event deposit in both Lake Silvaplana (this
study) and Lake Sils (Blass et al., 2005; Nigg
et al., 2021), and also suggested for the sediment
record of Lake Como (Fanetti et al., 2008). In
another sediment core from Lake Iseo (Lauter-
bach et al., 2012), layers coinciding with Event
IV from Lake Silvaplana, as well as the Verona
earthquake in 1117 ce and Brescia earthquake in
1065 cE, were not identified, whereas the Brescia
earthquake in 1222 ce is detected (Lauterbach
et al., 2012).

Churwalden was in 1295 ce the epicentre of
an earthquake classified among the seven stron-
gest of the last millennium in Switzerland (Mw
ca 6.2; Schwarz-Zanetti et al., 2004). Located
within a short distance (ca 40 km; Fig. 1) of
Lake Silvaplana, the Churwalden earthquake
seems not to have triggered any large-scale slope
failure. The estimated age of several thinner tur-
bidites dated in our study correlate within the
resolution of the age model to this historic earth-
quake. A reason for such a strong seismic event
not triggering a megaturbidite could be that the
Brescia earthquake 200 years before caused
slope failure so that there was not enough time
to recharge the slopes sufficiently to form the
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Fig. 17. Seismic stratigraphy of Lake Champfer. (A) W-SE-oriented seismic profile. (B) SW-NE-oriented seismic
profile. Seismic profiles from this study, with suggested ages of the seismic reflections based on age model of sedi-
ment core from Gobet et al. (2003). Indicated reflections represent age of Event IV in Lake Silvaplana (this study)
at 1500 cal yr Bp, change in sedimentation pattern in Lake Silvaplana (this study as well as Leemann & Nies-
sen, 1994) at 3300 cal yr Bp, base of SVA 12-2 (this study) at 7700 cal yr Bp, the strong sedimentation change iden-
tified in Gobet et al. (2003) at 11 000 cal yr Bp, and the base of sediment core of Gobet et al. (2003) at

11 700 cal yr BP.

load for large-volume sediment remobilization,
similar as suggested for other Alpine lakes by
Wilhelm et al. (2016). This would then imply
that a certain amount of time is required for
the recording of subsequent seismic events.
Earthquake recurrence (time between seismic
events), earthquake moment magnitude and dis-
tance to the epicentre all affect the sensitivity of
seismically-triggered mass movements.

The megaturbidites documented in our study
have not, or not to the same extent, been identi-
fied in previous studies of Lake Silvaplana (Lee-
mann & Niessen, 1994; Gobet et al., 2003; Blass

et al., 2007a,b; Trachsel et al., 2008, 2010; Stew-
art et al., 2011a,b). These previous studies
focused on the identification of palaeofloods and
summer temperature reconstructions, with the
sediment cores located at the proximal Vallun
Delta in shallower water depths to the south-east
of Lake Silvaplana (Fig. 3B). A comparison of
seismic cross-lines of Lake Silvaplana highlights
that the megaturbidites are not deposited in
these regions (Fig. 13) as they only appear fur-
ther downslope (Fig. 13). Although not recording
any megaturbidites, some of the mass flows have
been cored in the previous studies (Event III and
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IV in 90/2; potentially also in core 90/1; Lee-
mann & Niessen, 1994). These mass flows may,
however, consist of coherently remobilized
deposits, or even sediments deformed in situ.
While the mass flows have a clear signature in
the seismic data shown in our study, they con-
sisted of slightly deformed varves in the sedi-
ment core (LF2; Fig. 10C) so that it can be
challenging to define mass flows when seismic
data are lacking.

A strong temporal association between sediment-
based events in Lake Silvaplana and neighbouring
Lake Sils has been shown. The most prominent
mass movement in Lake Silvaplana, Event IV, can
be correlated to the thickest megaturbidite, a delta
collapse and tsunami deposits of Lake Sils (Blass
et al., 2005; Nigg et al., 2021). These lakes are
characterized by similar stratigraphy and catch-
ments, most likely reflecting similar processes
active in the catchments and the lakes. Lake
Champfer is directly located to the north-east of
Lake Silvaplana (Fig. 2). Whereas the two larger
lakes of the Engadine Valley share similarities in
both catchment and stratigraphy, Lake Champfer
is characterized by a thinner sediment package
and smaller, non-glaciated catchment with no
major tributary river input today. The seismic
stratigraphy of Lake Champfer shows that there
was a very prominent mass movement at
ca 7700 cal yr Bp (age model from Gobet et al.,
2003), but there have not been any major slope
failures since then (Fig. 17). The Late Holocene
Events I to IV can neither be recognized in the
seismic profiles of Lake Champfer (Fig. 17) nor in
the piston cores from the lake basin (Gobet
etal., 2003).

A comparison of the event stratigraphy of the
different lake archives emphasizes that deposi-
tional environment and coring location are cru-
cial for the completeness of earthquake records.
Our study highlights the need for integrated
interpretation for a successful characterization
of palaeoseismic events using both seismic and
sediment-core data. Furthermore, densely-
spaced reflection seismic profiling is required to
define appropriate coring locations for palaeo-
seismic event characterization.

Sensitivity for changes in sedimentation rate

The reconstructed changes in sedimentation
rate in the last 7700 years of our study and that of
Leemann & Niessen (1994) are in high agreement
(Fig. 15). In this study, a change in sedimentation
rate at ca 3300 cal yr Bp has been identified, char-
acterized by: (i) an upcore transition from

lithofacies LF1b (dark and coarse-grained lamina-
tions) to lithofacies LF1a (bright and fine-grained
laminations); (ii) an upcore change in sedimenta-
tion rate from <1 to 3 mm a~'; (iii) a change in
seismic amplitude strength from high-amplitude
to moderate-amplitude; and (iv) an upcore
decrease in magnetic susceptibility values within
the flood layers. A similar transition at ca
3300 cal yr Bp is also documented in the piston
cores analysed by Leemann & Niessen (1994),
characterized by: (i) sediment bulk accumulation
increasing upcore, from <0.1 g cm ? a to up to
0.3 g cm™? a; (ii) an upcore decrease in organic
carbon from >2% to <0.5%; (iii) an upcore
decrease in median grain size from >15 to <8 pm;
(iv) an upcore increase in flood frequency; and (v)
an upcore change from lithofacies LF3 (dark lami-
nations) to lithofacies LF2 (light-coloured varves).
However, the change in sedimentation identified
in our study is stronger and has a sharper transi-
tion compared with Leemann & Niessen (1994).
In the sediment cores of Lake St. Moritz, a strong
and slightly earlier transition is observed at ca
4000 cal yr Br (Gobet et al., 2003) characterized
by: (i) an upcore change in lithology from dark
gyttja to bright gyttja; and (ii) a catchment-
vegetation change from tree-dominated system to
tree—shrub-herb balanced system.

Implications of the earthquake catalogue
established in Lake Silvaplana

This study shows that at least four major earth-
quakes affected the Engadine Valley in the last
1400 years (Fig. 15). The bedrock ridges exposed
on the lake floor indicate a correlation between
ridge orientation and the tectonic Engadine Line
(Figs 1 to 3). The bathymetric data of the bed-
rock ridge in the north-west of the lake show
many slide scars, indicating frequent slope fail-
ure (Fig. 4B). The Engadine Line is further cross-
ing the Isola Delta in Lake Sils, which collapsed
and triggered a mass movement that coincides
with Event IV (Fig. 2). The distribution of
palaeocearthquakes listed in the Swiss earth-
quake inventory shows a concentration of
palaeoepicentres along the Engadine Line
(Fig. 1). This fault line might thus be a neotecto-
nically active zone producing strong pre-
historical earthquakes, as suggested by wide-
spread gravity deformations in the Engadine
Valley (Tibaldi & Pasquare, 2008). However, the
locally negative evidence of the earthquakes in
Bormio (1999 ce) and in Churwalden (1295 ck)
show the limitations of palaeoseismic records,
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and imply challenges for sensitivity studies in
slope stability and seismic activity.

Sedimentary event deposits identified in north-
ern Italy coinciding with seismically-triggered
event deposits of the Engadine Valley suggest the
same seismic trigger in different geological
archives (for example, lacustrine deposits, rock
avalanches, archaeological sites) over larger dis-
tances (Fig. 16). The Swiss palaeoearthquake
compilation thus has implications for seismic
events located at larger distances in regions of
neighbouring countries, such as northern Italy
and western Austria. The catalogue is thus not
only valid for the Engadine Valley, but should
also be considered when assessing geohazards for
regions of neighbouring countries.

CONCLUSIONS

The limnogeological investigations of Lake Sil-
vaplana include a combination of high-
resolution bathymetric maps, high-resolution
reflection seismic profiles and a long sediment
core. The stratigraphy, sedimentology and event
chronology of the lake have been studied by
detailed analysis of these datasets, and allow
conclusions for the regional seismic activity.

The acoustic signal has an exceptionally high
seismic penetration of up to 75 m in Lake Silva-
plana. This high penetration allowed mapping of
the acoustic basement, imaging of basin morphol-
ogy and reconstruction of basin infill. Glaciers
shaped the overdeepened palaeotopography by
forming subaquatic moraines and sub-basins.
Seismic and core data from the deepest basin
highlight that the subsequent postglacial infill is
dominated by finely laminated hemipelagic sedi-
ments intercalated with mass-movement deposits
of coarser grain size.

Multiple simultaneously-triggered mass move-
ments have been identified along ten seismostra-
tigraphic horizons and indicate ten over-regional
seismic events since glacial retreat. The upper-
most four of these event deposits, consisting of
megaturbidites and mass-flow wedges, have suc-
cessfully been cored and radiocarbon dated. The
authors interpret these ten event layers to be
triggered by palaeoearthquakes in eastern Swit-
zerland or northern Italy. Clusters of enhanced
large-scale mass movements occur between 7800
and 11 300 cal yr Bp, and in the last 1400 years.
The deposits of Lake Silvaplana provide an
ideal archive to study palaeoseismic activity of
south-eastern Switzerland through the Holocene.

The four seismic events are dated to 620 cE,
990 cg, 1640 ce and 1720 cE. These postulated
palaeoearthquakes show strong age correlations
with mass movements reported at about the
same time in geological archives nearby. Two
bedrock ridges following the Engadine Line fur-
ther indicate the potential that the Engadine
Line is a neotectonically active structure. This
study concludes that the palaeoseismic record of
Lake Silvaplana provides valuable insights into
local seismic activity prior to the historically
documented period, including larger -earth-
quakes that likely triggered secondary events in
Switzerland and its neighbouring countries.
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Supporting Information

Additional information may be found in the online
version of this article:

Data S1 Figure S1. Composite section consisting of
short core (SC; SVA 12-1) and two long cores (SVA
12-2 and SVA 12-3). Black line indicates which seg-
ments were used for the final composite section.

Table S1. Depths for age model and event catalogue.
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